The removal of 15 organic micro-pollutants (OMPs) in synthetic municipal wastewater was investigated in a laboratory-scale mesophilic anaerobic membrane bioreactor (AnMBR) using ultrafiltration and AnMBR followed by nanofiltration (NF), where powdered activated carbon (PAC) was added to enhance OMPs removal. No significant effects of OMPs spiking and NF connection on bulk organics removal and biogas production were observed. Amitriptyline, diphenhydramine, fluoxetine, sulfamethoxazole, TDCPP and trimethoprim showed readily biodegradable characteristics with consistent biological removal over 80%. Atrazine, carbamazepine, DEET, Dilantin, primidone and TCEP showed refractory characteristics with biological removal below 40%. Acetaminophen, atenolol and caffeine showed a prolonged adaption time of around 45 d, with initial biological removal below 40% and up to 50-80% after this period. Most readily biodegradable OMPs contained a strong electron donating group. Most refractory OMPs contained a strong electron withdrawing group or a halogen substitute. NF showed consistent high rejection of 80-92% with an average of 87% for all OMPs, which resulted in higher OMPs removal in AnMBR-NF than in AnMBR alone, especially for refractory OMPs. Limited sorption performance of PAC for OMPs removal was mainly due to low and batch dosage (100 mg/L) as well as the competitive sorption caused by bulk organics.
INTRODUCTION
Organic micro-pollutants (OMPs) have received increasing attention in recent years due to their potential harmful effects on public health and aquatic ecosystems. Eliminating OMPs in wastewater treatment systems is an important solution to control OMPs discharge that may impact ecosystems and potentially follow the water cycle back to drinking water sources. The aerobic membrane bioreactor (MBR) with conventional microfiltration (MF) or ultrafiltration (UF) has proved to be a more promising way to eliminate OMPs than the conventional activated sludge process. The MF/UF membrane filtration can completely reject microbial flocs in the bioreactor, which can result in high biomass concentration, long sludge retention time (SRT) and promote a diverse microbial community, thus enhancing OMPs removal (especially those with moderate biodegradation characteristics) ( OMPs. Especially, they found those OMPs containing nitrogen and sulphur were better removed in an AnMBR than in an aerobic MBR, possibly due to nitrogen or sulphur reducing bacteria in the AnMBR. 
MATERIALS AND METHODS

AnMBR set-up
Analytical methods
The OMPs removal as well as bulk organics removal, biogas production and biomass evolution were monitored during this study. OMP samples spiked with the corresponding isotopes were pre-concentrated via solid phase extraction 
Removal definitions
The OMPs used in this study have a molecular weight less than 500 Dalton (i.e., an equivalent diameter of around In the AnMBR-NF in Phase 2, with recycling NF concentrate to the AnMBR, biological removal can be calculated according to Equation (2), where R b,N is biological removal for the N day, C f,N is feed concentration for the N day, C pU,N-1 is UF permeate concentration for the N-1 day, C pN,N-1 is NF permeate concentration for the N-1 day, C pU,N is UF permeate concentration for the N day, V f,N is feed volume for the N day, V pU,N-1 is UF permeate volume for the N-1 day, V pN,N-1 is NF permeate volume for the N-1 day, V pU,N is UF permeate volume for the N day, and V f,
The total removal was defined as the ratio of feed mass minus UF permeate mass versus feed mass for the AnMBR alone in Phase 1 and feed mass minus NF permeate mass versus feed mass for the AnMBR-NF in Phase 2. According to this definition, the total removal was the same as biological removal for the AnMBR alone in Phase 1 (i.e., Equation (1)) while in the AnMBR-NF in Phase 2 it included biological removal and direct rejection by the NF according to Equation (3), where R t,N is total removal for the N day, C pN,N is NF permeate concentration for the N day, V pN,N is NF permeate volume for the N day, V pN,N ¼ 2 L, and others are the same as
NF rejection was defined as the ratio of UF permeate mass minus NF permeate mass versus UF permeate mass according to Equation (4), where R N is NF rejection for the N day and the others are the same as in Equations (2) and (3).
RESULTS
Biomass evolution
From Figure 2 , the biomass concentration showed a little decrease initially followed by a slow increase during Phase 1, and a gradual decrease to a somewhat stable value during Phase 2. MLVSS was in the range of 3.9-5.4 g/L during the whole operation. MLVSS/ MLSS was around 0.8, indicating a stable sludge composition.
Bulk organics removal
A high and stable COD removal around 97% and permeate COD below 20 mg/L were achieved during the AnMBR alone in Phase 1 (Figure 3 ). Adding NF filtration in Phase 2 resulted in a slight COD accumulation in the UF permeate due to the high rejection (around 60-80%) of refractory organics (e.g., humic-like substances from soluble microbial products). Thus, a slight decrease in biological COD removal from the AnMBR was observed (97 to 92%), but total removal from the AnMBR-NF system was maintained at a very high level (around 99%). COD in the UF permeate showed an initial significant reduction after PAC addition followed by a rapid increase to the level before PAC addition, indicating the limited sorption performance for bulk organics removal, which was mainly due to a low and batch PAC dosage (100 mg/L). 
DISCUSSION
Compound characteristics
First, no intrinsic correlation between the biodegradability and application of OMPs could be observed. For example, amitriptyline and fluoxetine, which are antidepressants, showed readily biodegradable characteristics while the flame retardants TCEP and TDCPP showed different biodegradability, which might be related to their molecular structure characteristics.
Compound characteristics (e.g., charge, hydrophobicity, halogen substitute, electron donating/withdrawing group, ring number, etc.) were regarded as the key factors affecting its biodegradability and removal in the aerobic MBR (Tadkaew et al. ). Those authors found that strong hydrophobic compounds (logD > 3.2) showed good removal mainly via sorption in the aerobic MBR. In this study, TDCPP with logD > 3.2 as well as four compounds with positive charge (amitriptyline, diphenhydramine, fluoxetine, trimethoprim) also showed consistent high biological removal (over 80%) during the whole operation. However, positive charged atenolol showed low biological removal (below 20%) in the AnMBR alone in Phase 1. The atenolol concentration in the UF permeate ( Figure 5(c) ) was low at the beginning of the AnMBR alone in Phase 1 (7.9 μg/L at day 1) 
PAC sorption
Similarly to bulk COD in UF permeate, all refractory compounds' concentration in UF permeate showed significant reduction initially after PAC addition, followed by a gradual increase to the level before PAC addition ( Figure 5(b) ). This indicated a limited sorption performance for OMPs removal, which was mainly attributed to low and batch dosage (100 mg/L) as well as competitive sorption by bulk organics. 
CONCLUSIONS
